Intravital imaging has been used to visualize diverse leukocyte behaviors in a variety of contexts. Cell motion ([@bib46]), cell proliferation ([@bib141]), cell death ([@bib105]), and cell--cell interactions ([@bib14]) have been previously observed. Intravital imaging of dendritic cells was first reported in lymph nodes ([@bib104]; [@bib45]). Myeloid cells have been imaged in a variety of tissues, including the spinal cord and brain ([@bib66]), liver ([@bib44]; [@bib32]), kidney ([@bib137]), spleen ([@bib146]), ear ([@bib4]), intestine ([@bib17]), and recently atherosclerotic arteries ([@bib29]; [@bib16]; [@bib99]). Each of these applications share some common traits: the cells of interest must be labeled, the tissue must be stabilized, and the data must be quantitatively analyzed. This review discusses the common methods for each of these steps for imaging myeloid cells, as well as the necessity of incorporating other techniques towards the best interpretation of the data.

Labeling cells {#s02}
==============

The first step to imaging myeloid cells is to label them with a fluorescent tag. There are two broad categories of labeling techniques: genetic and chemical. In some rare cases, the native autofluorescence of leukocytes has also been used to image them ([@bib86]).

Genetic labels {#s03}
==============

Genetic labeling techniques rely on constructs that report the expression of a gene via a fluorescent protein (FP). GFP and YFP are the most commonly used labels, though mice with cyan fluorescent protein (CFP), or various red fluorescent proteins (RFPs), are available. ([@bib1]) Engineering reporter mice can be expensive, and it is time-consuming to cross them into other mouse strains. However, once a line is created, no additional work is needed to label every mouse. In some cases, bone marrow transplantation ([@bib140]) or adoptive transfer ([@bib132]) can be used to label myeloid cells without crossing mice. However, there can be immunological barriers to bone marrow transplantation. Also, the commonly used C57BL/6 recipient mice can reject cells labeled with dsRed protein and some of its derivatives ([@bib26]). An important advantage of genetically labeled cells is that they usually continue to express the fluorescent proteins after long periods of cell culture, or after being adoptively transferred to another mouse. There are a wide range of reporter mice available that are suitable for intravital imaging of myeloid cells, and many have been tested in atherosclerosis ([Table 1](#tbl1){ref-type="table"}). Multiple reporters of different fluorescent proteins can be combined, as long as the colors can be spectrally separated ([@bib38]).

###### Reporter mice useful for imaging myeloid cells^a^

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Mouse                  Approach          Location                                       Predominant cell types labeled                      Original reference   Example papers for intravital imaging of myeloid cells
  ---------------------- ----------------- ---------------------------------------------- --------------------------------------------------- -------------------- --------------------------------------------------------
  *Cx3cr1^GFP^*          Knock-In          Soluble GFP, cytosolic                         Ly6C^Low^ Monocytes, Mac/DC \> Ly6C^Hi^ Monocytes   [@bib65]             Athero: [@bib58]\
                                                                                                                                                                   Other: [@bib43]

  *Cd11c^YFP^*           Transgenic        Soluble YFP, cytosolic                         Mac/DC (YFP^hi^)                                    [@bib91]             Athero: [@bib86]\
                                                                                                                                                                   Other: [@bib23]

  *Lysm^GFP^*            Knock-In          Soluble GFP, cytosolic                         Neutrophils \> Macrophages, Monocytes               [@bib37]             Athero: [@bib29]\
                                                                                                                                                                   Other: [@bib31]

  MacGreen *(c-fms)*     Transgenic        Cytosolic GFP                                  Mac/DC \> monocytes neutrophils                     [@bib128]            Athero: [@bib165] Other: [@bib94]

  *Mafia^GFP^ (c-fms)*   IRES Transgenic   Cytosolic GFP + membrane suicide construct     Mac/DC \> monocytes, neutrophils                    [@bib13]             Athero: [@bib16]\
                                                                                                                                                                   Other: [@bib118]

  MacBlue *(c-fms)*      Transgenic        Cytosolic CFP                                  Mac/DC \> monocytes                                 [@bib114]            Athero: None\
                                                                                                                                                                   Other: [@bib129]

  *Nr4a1^GFP^*           BAC transgenic    GFP-Cre fusion, mostly nuclear                 T cells, Ly6C^Low^ Monocytes                        [@bib138]            Athero: None\
                                                                                                                                                                   Other: [@bib77]

  *MHCII^GFP^*           Knock-in          Fusion Basal-intracellular Activated-surface   Antigen-presenting cells                            [@bib10]             Athero: None\
                                                                                                                                                                   Other: [@bib153]

  *CCR2^RFP^*            Knock-in          Cytosolic RFP                                  Ly6C^Hi^ monocytes                                  [@bib127]            Athero: None\
                                                                                                                                                                   Other: [@bib61]
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The genetic approach, cellular location, major cell types labeled, and examples of their use in intravital imaging of atherosclerotic plaques or other tissues are listed.

To tag a specific subset of cells, it is important to choose both the right gene on which to report, as well as the right type of construct. Traditionally, knock-in mice are made by inserting the cDNA for a fluorescent protein into the natural gene locus, using gene targeting and homologous recombination to replace all or part of the endogenous allele with the cDNA for a fluorescent protein. Knock-in mice made using this method are typically used as heterozygous mice, where one allele encodes the fluorescent protein and the other allele the endogenous protein. This assumes bi-allelic expression (both alleles are expressed in each cell) and haplosufficiency (half the amount of mRNA for the endogenous gene is sufficient for function). Although this is generally true, there can be subtle gene dosage effects on cell function that may not be detected unless specifically scrutinized. For example, monocytes from heterozygous *Cx3cr1^GFP/+^* mice display an altered phenotype in at least some situations ([@bib22]). When a knock-in reporter mouse is made homozygous (FP/FP), the endogenous gene is knocked out, but continues to express the fluorescent protein. This allows the use of the same mouse strain for reporting and knock-out studies. In the case of the widely used *Cx3cr1^GFP/GFP^* mouse, it is known that there are defects in Ly6C Low blood monocytes lacking CX~3~CR1 ([@bib76]). Knock-in mice of genes encoded on the X chromosome are knock-outs in males. Alternatively, knock-in mice can be made using the internal ribosomal entry site (IRES)--mediated polycistronic reporter system ([@bib11]), which allows for simultaneous expression of the targeted gene and the fluorescent protein. This avoids complications caused by loss of the protein of interest.

Knock-in mice typically report the expression of the target gene in the form of cytosolic fluorescence. However, the lifetime of mRNA and protein of fluorescent proteins is rather long, so cells may still be fluorescent after the endogenous protein has been degraded ([@bib21]). For instance, the half-life of WT GFP has been measured as 25--54 h ([@bib126]), though modifications can reduce this to 2--5 h ([@bib90]; [@bib24]). Nuclear or other localization signals can be useful to enhance the intensity or change the pattern of fluorescence ([@bib1]). In some cases, the fluorescent protein is fused directly to the protein of interest to enable tracking of the protein localization ([@bib133]). This is particularly useful where the gene function is associated with (nuclear or other) relocation, like for NF--κB ([@bib28]).

Another (older) approach uses transgenic mice produced by pronuclear injection of DNA incorporating the FP cDNA and some part of the promoter ([@bib162]). This leads to random insertion into the genome with an unknown copy number. Random integration may disrupt gene expression in the area in which the transgene was inserted. Furthermore, the promoter contains only part of the sequence information needed to impart faithful expression. Gene expression usually also depends on the location within the chromosome (accessible DNA or not), and therefore transgenic reporters usually do not correspond well to the protein of interest ([Fig. 1](#fig1){ref-type="fig"}). A newer technique uses a bacterial artificial chromosome (BAC) that inserts the promoter, as well as enhancer elements of the target gene via homologous recombination into a known locus, like *Rosa26*, that has been shown to be constitutively open to transcription ([@bib138]). This is better able to accurately report on gene expression ([@bib162]).

![**Representative data showing poor correlation between CD11c surface expression and YFP expression in *Apoe^−/−^ CD11c^YFP^* mice in leukocytes the blood, spleen, and aorta via flow cytometry.** All events gated for live CD45^+^ cells.](JEM_20151885_Fig1){#fig1}

Unlike knock-in or transgenic reporters, which fluoresce when a gene is being expressed, lineage tracker mice rely on the *Cre/loxP* system to permanently mark cells that have expressed a gene at any point in their lineage ([@bib51]). The Cre recombinase gene is inserted after the locus of the target gene using the IRES system so that both Cre and the original gene are expressed. The Cre recombinase then removes a stop signal surrounded by *loxP* sites, enabling transcription of the gene for a fluorescent protein. Typically, this gene is in the *Rosa26* locus. The cell in which this occurs, and all cells derived from it, will constitutively fluoresce regardless of current gene expression. An additional advantage of lineage tracker mice is that all tagged cells should have similar levels of brightness, because of the constitutive *Rosa26* expression. A variant is the inducible lineage tracker mouse, in which the Cre can be switched on by injecting tamoxifen ([@bib60]). This type of mouse was instrumental in revealing the embryonic origin of macrophages ([@bib164]). Using such mice often shows surprising patterns of gene expression, because Cre recombinase may be activated during a brief bout of gene expression during development that went previously unnoticed.

Another variant of linage tracker mice is the confetti mouse, in which, after Cre recombination, individual cells stochastically express combinations of CFP, GFP, YFP, and RFP, so that each cell and its derivatives has its own hue ([@bib136]). Lineage tracker mice have been bred with knock-in mice. For example, in the ex-FoxP3 mice, the cells that currently express the regulatory T cell transcription factor FoxP3 express both GFP and RFP, whereas cells that expressed FoxP3 in their past but not currently express only RFP ([@bib110]).

Cells in functional reporter mice become fluorescent after the activation of a specific function instead of simply as a marker of the cell subset. For instance, in the *Nr4a1^GFP^* mouse, T cells increase GFP brightness after TCR activation ([@bib111]). In p65^GFP^ mice, GFP is expressed cytosolically in many cell types, but is translocated into the nucleus after NF--κB pathway activation ([@bib28]). Nuclear translocation is an excellent indicator of activation and has the added benefit that the cell is visible by fluorescence microscopy before and after activation. Functional reporters can be generated from any of the aforementioned genetic engineering techniques, depending on the biological question.

Another class of mice with fluorescent cellular tags useful for imaging express a photoconvertible fluorescent protein, such as Kaede ([@bib149]), Kikume-Green Red ([@bib150]), or other forms of photoactivatable-GFP ([@bib116]; [@bib154]). These photoconvertible proteins change their emission spectra (or, in the case of GFP, their excitation spectra) after being excited with a specific wavelength of light ([@bib1]). This can be used to mark cells in one location and then trace how cells traffic throughout the body. The Kaede and Kikume-Green mice can also be used to differentiate cells that have immigrated into the tissue after a photoconversion took place ([@bib149]). The protein conversion is stable (permanent in the case of Kaede and Kikume-Green, up to 1 wk for photoactivatable GFP), but the cell can still synthesize new, unconverted fluorophores, limiting the time in which the photoconversion is reliably detectable ([@bib149]). Cell division will dilute the converted protein. Recently, a mouse was developed that expresses a photoinducible Cre that drives tdTomato expression, allowing cells to be permanently labeled by exposing them to blue light ([@bib130]). A two-photon microscope can provide precision excitation, though only a small number of cells can be photoconverted ([@bib20]), which leads to difficulty finding the cells later. Alternatively, a UV lamp can convert whole sections of tissue simultaneously ([@bib131]).

Limitations {#s04}
===========

An overview of reporter mice that have been used in intravital imaging of myeloid cells in atherosclerosis or other systems are listed in [Table 1](#tbl1){ref-type="table"}, along with their approach, cellular location, and major cell types labeled. An in-depth study of the details of each of these reporter mice and how they have been used is beyond the scope of this review. However, some examples can demonstrate the importance of experimentally confirming which cells are labeled (specificity) and what percentage of the target cells are labeled (yield). When a reporter mouse is first made, the target cell is reported to be tagged with a certain efficiency, but in later studies, more cell types are found to be also tagged. As a case in point, *Cd11c^YFP^* mice were originally made to visualize myeloid dendritic cells, and this works well in lymph nodes ([@bib91]). However, it was later shown by flow cytometry that in atherosclerotic plaques, YFP expression does not correlate well to surface CD11c expression ([Fig. 1](#fig1){ref-type="fig"}; [@bib69]). Using cytospin and fluorescence microscopy, it was shown only the brightest cells are visible by microscopy, and those are the only ones that can be considered dendritic cells in atherosclerotic plaques ([@bib69]). In *Lysm^GFP/GFP^* mice, neutrophils are brightest, but monocytes and macrophages are still visible in some systems ([@bib37]). In the very commonly used *Cx3cr1^GFP^* mouse, GFP expression has been reported in a wide variety of cell types, including both subsets of monocytes ([@bib43]), NK cells, neutrophils, T cells ([@bib109]), myeloid precursors ([@bib39]; [@bib93]), and various tissue macrophages and dendritic cells ([@bib65]; [@bib146]; [@bib153]; [@bib8]; [@bib61]; [@bib92]). These examples support our opinion that the proper approach to fluorescent cell imaging in vivo is to identify the labeled cells and characterize them by flow cytometry, immunohistochemistry, and transcriptomic analysis.

Chemical labels {#s05}
===============

Chemical labels are immediately available and do not require any mouse crossing. Most types are available in a wider variety of colors than genetic labels. Some chemical labels show more photobleaching ([@bib134]) and are more sensitive to tissue processing methods than genetically labeled cells, although soluble fluorescent proteins can be easily washed away during processing and can be hard to detect in tissue sections. One of the simplest methods is to inject a fluorescently labeled antibody into the mouse. This works well for antigens with high surface expression, such as Ly-6G ([@bib132]), but antibodies cannot be used to detect intracellular antigens in live cells. Antibodies will quickly label cells in the blood ([@bib132]), but can take hours to diffuse into tissue ([@bib159]). Therefore, the experimental protocol must be optimized to ensure that the entire tissue being imaged is adequately exposed to antibody but that it has not yet cleared from the body. Tissues with inadequate blood flow, including advanced atherosclerotic plaques and necrotic cores of tumors, are difficult to label via intravenous antibody injection. Injecting high quantities of labeled antibody can in fact be used to mark the blood volume ([@bib132]) for short-term experiments. A more targeted approach via injection of the antibody into the tissue has been successfully used, e.g., to label lymphatic vessels in the leg and draining lymph node. Antibodies labeled with fluorescent proteins, such as phycoerythrin or allophycocyanin, photobleach quickly under conditions of multiphoton microscopy, but recent advances in organic dyes, (i.e., the Alexa Fluor family and the DyLights Fluor family, among others) are improving imaging time ([@bib63]).

As with reporter mice, it is important to confirm in every imaged tissue that that the antibody is marking the cells of interest with high yield and high specificity. Specificity can be confirmed with appropriate negative controls. The ideal negative control is to use the antibody on a mouse that is deficient for the protein of interest. Other controls include imaging the sample before labeling to observe any autofluorescence, simultaneous injection of an isotype control in a different color to look for nonspecific or Fc-receptor--mediated bind, or (for compartments like blood that show very fast labeling), injecting an isotype control in the same color first, and (only after observing no binding) applying the experimental antibody. The labeling efficiency of the cells of interest can be calculated by analyzing the tissue after injection with flow cytometry. When possible, one should try to observe the cells with and without antibody labeling to determine if the antibody blocks the function of the ligand protein and therefore interferes with cell motion. Some antibodies deplete blood cells; for example, high concentrations of Ly-6G antibodies deplete neutrophils ([@bib25]), NK1.1 depletes NK and NKT cells ([@bib70]), and GPIbα antibodies deplete platelets ([@bib59]). In each case, the concentration of antibody needed to label or deplete the cells of interest must be determined in preliminary experiments.

The phagocytic activity of myeloid cells can be harnessed to label and track them in vivo, without external handling. Cells (predominantly blood monocytes) phagocytose injected fluorescently labeled beads, and then carry them as they transmigrate into tissue or differentiate into macrophages/dendritic cells ([@bib147]). This technique has yielded valuable insights into the origin and trafficking of macrophages in atherosclerotic lesions ([@bib147]; [@bib121]), though its use in intravital imaging has thus far been limited ([@bib52]). In other studies, labeled high-molecular weight dextran has been used as an in vivo phagocytosis substrate to identify macrophages ([@bib160]). With these techniques, it is important to test for cell activation after the phagocytosis ([@bib147]). Additionally, it is important to consider transfer of the marker to an unlabeled macrophage that phagocytosed an apoptotic labeled cells ([@bib2]; [@bib145]). This occurs when macrophages phagocytose dead labeled monocytes in atherosclerotic plaques ([@bib121]). In some cases, myeloid cells can fuse ([@bib101]), sharing the label and further complicating data interpretation ([@bib27]).

If direct labeling in vivo is not feasible, adoptive transfer of labeled cells may be a good option. This approach has been successful for monocytes ([@bib53]) and neutrophils ([@bib167]). Cytosolic labels that passively diffuse through the cell membrane come in a variety of classes with different chemical properties and retention times ([@bib115]; [@bib63]). Some (e.g., calcein-AM) have an acetoxymethyl ester group that is cleaved, trapping it inside the cytosol. Cells can actively pump these out, and in some cases they are only retained for a few hours, and thus are usually best suited for short-term experiments. Others, like CFSE or CMRA, covalently bind to intracellular and extracellular proteins, and remain in the cell for days. These provide even labeling of the cell that will dilute with cell division ([@bib123]). The dilution effect can be used to track the number of cell divisions up to the level where the limit of detection is reached. Unlike flow cytometry, microscopy can only resolve one or two divisions reliably because of the limited dynamic range and the loss of fluorescence intensity with depth. A major disadvantage to these dyes is that they can be cytotoxic ([@bib78]).

An alternative to cytosolic labels are membrane labels, which have been reported to be less cytotoxic ([@bib56]). Intercalating membrane labels, including the DiI, O, D, and R series and the PKH series ([@bib115]; [@bib120]; [@bib143]), are easy to use and integrate spontaneously but they can jump from the target cell to other cells ([@bib77]; [@bib88]). Macrophages are particularly likely to pick up dyes from adoptively transferred cells ([@bib117]; [@bib123]). PKH26 is noteworthy, as it stays on the cell for weeks to months ([@bib115]). Membrane dyes have the advantage of specifically labeling the borders of cells, which can be useful for separating touching cells. Nuclear dyes can also help distinguish densely packed cells. Hoechst 33342 labels live cells and is suitable for tracking cell migration because it is bright and resistant to photobleaching ([@bib105]). However, it is known to interfere with cell replication ([@bib115]). After being labeled by any of these methods, cells can be injected into the blood to circulate systemically, into the foot pad to reach the draining popliteal lymph node, or in other locations (e.g., intraperitoneal).

Adoptive transfer of differentially labeled cells can be used to study the motion of different groups (WT vs. KO, control vs. treated, two different subsets) simultaneously under identical conditions. This helps to ensure that any differences observed between groups are caused by the labeled cells and not different environments or surgical preparations ([@bib74]). Whenever differential labeling is used, it is essential that a color-switching control is performed to ensure there are no dye-specific effects. In addition, all exogenous labeling methods require cells to be handled in vitro. Myeloid cells are easily activated by handling outside the mouse, and this activation must be accounted for when interpreting data ([@bib95]).

Experimental set-up {#s06}
===================

The main challenge in intravital microscopy is to image the cells of interest without undue tissue damage (surgical access needed for most tissues) or excessive motion artifacts (heartbeat, breathing). The choice of microscope depends on the biological question being asked. Upright microscopes are best suited for most intravital experiments. For imaging brightly labeled cells in the microcirculation, especially in thin tissues like the cremaster muscle, epifluorescence microscopy is often sufficient ([@bib83]). This simple method enables fast acquisition with a large field-of-view but is limited to two-dimensional images. However, these limitations are acceptable for imaging myeloid cells crawling along blood vessels. In fact, this technique has even been used to image monocytes adhering to healthy and mildly diseased carotid arteries ([@bib58]; [@bib16]). This technique is compatible with stroboscopic illumination that effectively freezes all tissue motion ([@bib58]). Double stroboscopic illumination allows direct measurement of the velocity of free-flowing cells in the blood ([@bib113]; [@bib135]).

For imaging deeper into tissue, including arteries with advanced atherosclerotic plaques, techniques that provide three-dimensional resolution are needed. Confocal microscopy has many benefits, including higher lateral and axial resolution than epifluorescence, especially in optically dense tissues, and, in most systems, the ability to simultaneously collect multiple channels excited by multiple lasers. Spinning-disk confocal microscopy can acquire images at a faster frame rate than that of laser scanning confocals, but at the cost of decreased spatial resolution, lower brightness, and lower signal-to-noise ratio. Resonant scanners greatly improve the acquisition speed of laser-scanning microscopes, both confocal and multiphoton. Both types of confocal microscopy are limited in penetration depth to ∼50 µm.

Two-photon excitation provides better penetration depth, and so is routinely used in intravital imaging ([@bib104]). It also produces less photobleaching and phototoxicity than confocal microscopy ([@bib122]). Two-photon microscopes can acquire images at the same rate as laser-scanning microscopes. The lateral resolution of two-photon microscopy is slightly lower than that of laser scanning confocal but the axial resolution is much worse. However, for tracking cell motion, even that of projections of dendritic cells, the resolution is typically sufficient ([@bib86]; [@bib69]). Additionally, two-photon microscopy allows label-free imaging of collagen, a major extracellular matrix component, via second harmonic generation ([@bib169]).The effective imaging depth is up to 200 µm, and there is significant attenuation because of absorption and scattering such that cells deep in the tissue appear dimmer and more elongated than superficial cells. Most two-photon microscopes with a TI:sapphire laser have difficulty exciting red and far-red fluorophores like RFP and allophycocyanin. Typically only one excitation wavelength can be used at a time, limiting the range of fluorophores than can be imaged simultaneously. Switching excitation wavelengths takes seconds, and therefore is only practical for cells which are moving slowly. An optical parameter oscillator (OPO) can extend the excitation range into the infra-red spectrum, up to 1500 nm, allowing deeper penetration and excitation of red and far-red dyes ([@bib151]; [@bib166]). In fact, use of an OPO combined with red fluorescent proteins has increased penetration depth to almost 1 mm in intravital imaging ([@bib67]). It can also allow for multiple simultaneous excitation wavelengths ([@bib54]), though switching between excitation wavelengths is still best for spectral separation ([@bib166]). With use of an OPO, third harmonic generation can be used to visualize lipid--water interfaces ([@bib40]).

Surgical set-up {#s07}
===============

Accessing the desired organ often requires delicate surgery of an anesthetized mouse; only a few tissues like the mouse ear ([@bib4]; [@bib87]) are accessible without surgery. To get physiologically relevant results, it is important to not damage the imaged tissue or to restrict blood flow to the area. First, the mouse and the imaged tissue must be kept near physiological temperature, pH, and osmolarity for optimal cell motion ([@bib106]). A blood tracer (i.e., Evans blue, labeled dextran, or quantum dots) can be injected i.v. to test for vascular leakage ([@bib87]). These same tracers can be injected into areas with well-defined draining lymph nodes (i.e., the footpad for the popliteal and the ear or base of the neck for the cervical lymph node) to check for intact lymphatic drainage to those lymph nodes ([@bib168]). Red blood cells flowing through capillaries are a good indicator of microvascular perfusion ([@bib6]). In some systems, the velocity profile of free-flowing red blood cells can be calculated for a more sensitive measurement ([@bib42]). Recruitment of leukocytes is a sign of local inflammation; this can be easily visualized in *Lysm^GFP^* mice ([@bib75]). Unusually low cell motility is a sign of tissue damage ([@bib168]) and propidium iodide can be used to identify dead cells ([@bib102]). Passing these tests suggests that the surgical preparation was not detrimental, but intravital microscopy inherently remains an invasive technique. It is best to disturb the tissue as little as possible, as some groups have found that observed cell functions are altered with more aggressive surgical preparations ([@bib100]).

Motion artifacts {#s08}
================

Motion artifacts constitute a large technical challenge in intravital imaging. The most common sources of tissue motion are the mouse's breathing and heartbeat, which can affect nearly all organs in the thoracic and peritoneal cavities. Various set-ups have been designed to isolate tissues from breathing motion, while maintaining a physiological environment ([@bib104]; [@bib23]; [@bib97]; [@bib100]; [@bib62]; [@bib68]). However, these simple isolation systems do not sufficiently stabilize organs with inherent motion, such as the lungs, heart, or large arteries. For these tissues, more complicated systems have been devised ([Fig. 2](#fig2){ref-type="fig"}).

![**Decision flow chart for acquiring intravital videos.** The choice of microscope depends mainly on the imaging depth (multiphoton better), resolution and colors (confocal better) or speed (epifluorescence better, see text for details). If tissue motion causes artifacts, mechanical immobilization, cardiac, and/or respiratory triggering, and image postprocessing can be used to stabilize the images, and then cell motion can be analyzed.](JEM_20151885_Fig2){#fig2}

There are three commonly used methods for minimizing motion artifacts in intravital imaging of tissues with innate motion: mechanical stabilization, image post-processing, and triggering ([@bib157]). Various techniques (tissue glue, suction ring, compression) have been successfully used for physically restraining tissue movement ([@bib94]; [@bib80],[@bib81]; [@bib89]; [@bib155]; [@bib64]; [@bib16]). As described above, it is important to ensure that placing the stabilizer does not induce any tissue damage. One alternative that minimizes physical stress on the tissue is to freely acquire a large amount of data and then use post-processing to select only a fraction of the data for further analysis ([@bib29]; [@bib80]; [@bib139]). Frame or pixel selection can be automated for large amounts of data ([@bib157]; [@bib99]), or individual frames can be chosen by hand ([@bib29]). Post-processing can also include image registration to remove small translation or rotation artifacts ([@bib125]). Because this method relies on acquiring more data than is used, the tissue is exposed to excess excitation light, which will increase photobleaching. In an alternative method, triggering, image acquisition is synchronized to the mouse's heartbeat, breathing cycle, or both. The acquisition is timed to occur during the point in each cycle when the tissue is moving the least. Triggered imaging allows for high-resolution imaging with minimal photobleaching by only exposing the tissue to excitation light when it is in a quasi-steady position ([@bib102]; [@bib16]). Obtaining apparent stability is only possible if the mouse maintains a consistent heart rate and stable breathing, which requires a steady level of anesthesia and good surgical technique. Even then, some visible tissue motion is unavoidable. Triggering is often combined with mechanical stabilization or image post-processing to further improve movie quality ([@bib80],[@bib81]; [@bib155], [@bib156]; [@bib16]; [@bib99]). We have developed a software suite that automatically selects the best frames and performs rigid body registration that is freely available ([@bib98], [@bib99]; [@bib125]).

Analyzing imaging data {#s09}
======================

There is a large amount of information that can be acquired about cells from intravital imaging: e.g., motion, migration, shape change, division, phagocytosis, and antigen presentation. The most common analysis technique is tracking the migration of the entire cell body. From there, the density of crawling/patrolling cells and their velocity alongside track length, direction, and confinement ratio (ratio of path length to net distance traveled) can be calculated and qualitatively described ([@bib107]; [@bib142]; [@bib4]). Monitoring changes in cell body motion has been instrumental in working out environmental cues and molecular mechanisms involved in the leukocyte adhesion cascade ([@bib84]), monocyte patrolling, and arrest ([@bib57]; [@bib4]; [@bib15]), and transmigration ([@bib119]). Neutrophil transmigration into atherosclerotic plaque was demonstrated ([@bib16]), and monocytes were shown to patrol the atherosclerotic endothelium ([@bib86]), though monocyte transmigration has not yet been observed.

Within tissues, cells tend to migrate more slowly than in blood vessels, and other cell functions can be observed. Uptake of damaged cells ([@bib36]), bacteria ([@bib17]), and environmental antigens ([@bib160]; [@bib100]) by macrophages has been observed in various tissue. In these studies, the substrate being phagocytosed was fluorescent, and the myeloid cell was visualized taking up pieces of fluorescent material. The shape of the cell can give information about it status; for instance, microglia lose their processes and become rounded when activated ([@bib3]; [@bib132]). In other studies, macrophages and DCs were seen probing their environment, sometimes through epithelial monolayers ([@bib137]; [@bib100]; [@bib7]; [@bib71]; [@bib33]). Within atherosclerotic plaques of *Cx3cr1^GFP/+^ Cd11c^YFP^ Apoe^−/−^* mice, GFP^+^, YFP^+^, and GFP^+^YFP^+^ cells have been observed migrating through the plaque and "dancing on the spot," which means extending and retracting dendritic processes ([@bib99]). It is unclear what function this behavior represents. This dancing or probing behavior can be quantified by various measurements, including dendricity index, shape retention index, and dendrite velocity ([@bib9]; [@bib18]). Having bright markers is important for these measurements, because the small diameter of dendrites (∼1 µm) makes them dimmer than the cell body. Additionally, the microscope must be able to spatially resolve these features. In general, water immersion objectives with a numerical aperture close to 1.0 provide excellent resolution for intravital microscopy ([@bib134]; [@bib85]).

Intravital imaging can reveal cell--cell interactions that are essential to many homeostatic or inflammatory processes. Patrolling monocytes interacting with fluorescent tumor cells were shown to reduce tumor metastasis ([@bib53]). Intravital imaging of leukocytes adhering to each other in blood flow was essential to understanding secondary capture ([@bib72]). Antigen presentation has been demonstrated by observing contact between T cells and dendritic cells ([@bib106]; [@bib141]; [@bib104]; [@bib108]). Similar results were demonstrated in atherosclerotic aorta explants ([@bib69]), although antigen presentation remains to be observed in atherosclerotic plaques in vivo*.*

Intravital imaging of atherosclerotic arteries {#s10}
==============================================

Intravital imaging of leukocytes in atherosclerotic arteries is still a developing field. The first work was published in 2011 using epifluorescence microscopy ([@bib103]). Though this technique provides low lateral and no axial resolution, it was invaluable in early work on the activity of leukocytes near atherosclerotic plaques. Monocytes were visualized tethering to, rolling on, and adhering to atherosclerotic lesions in the carotid artery in a P-selectin--dependent manner ([@bib58]). Similarly, neutrophil rolling on the abdominal aorta was found to depend on both P- and E-selectin ([@bib34]). Epifluorescence microscopy was also instrumental in determining the role of secondary capture in atherosclerosis ([@bib35]). Multicolor epifluorescence microscopy of mechanically stabilized carotid arteries was used to quantify rolling in multiple leukocyte subsets at different stages of the disease, as well as the polarization of crawling cells in Mafia^GFP^ mice, which have fluorescent myeloid cells ([@bib16]). The effect of blocking various chemokine receptors on neutrophil recruitment to plaques was also assayed by epifluorescence microscopy ([@bib29]).

Proof-of-concept of two-photon imaging of leukocytes in atherosclerotic arteries in vivo was published in 2004 ([@bib152]), although the images were distorted by vessel motion. A single z-stack of GFP-labeled myeloid cells in the carotid artery wall of a MacGreen mouse, with labeled myeloid cells, was published in 2007 using a system that severely stretched the vessel to inhibit all motion ([@bib165]). Single frames from freely expanding arteries imaged with a fast scanner were used to quantify the diameter of and blood flow velocity through vasa vasorum microvessels of atherosclerotic carotid artery ([@bib124]).

It was not until 2010 that two-photon videos of high enough quality to allow cell tracking were published. Neutrophils were tracked for 30 min in a single *Lysm^GFP/GFP^ Apoe^−/−^* mouse as they crawled along the endothelium, changed shape, and potentially transmigrated into the plaque ([@bib29]). In this work, only a single plane was imaged and frames were manually selected for further analysis. The same year, cardiac and respiratory triggering was used to image unidentified leukocytes labeled with SYTO13 crawling in the healthy carotid artery wall ([@bib102]). However, the mouse was reported to have low blood pressure and it is unclear what effect this had on the cells. Only a single plane was imaged, making three-dimensional (3D) tracking impossible. Later, a combination of mechanical stabilization and respiratory triggering was used to acquire videos of neutrophils adherent to the carotid artery wall of a L*ysm^GFP/GFP^ Apoe^−/−^* mouse ([@bib16]). The authors used 3D imaging, as well as a blood volume label and second-harmonic imaging of collagen to confirm the location of the cells. In 2015, monocytes and macrophages were imaged in atherosclerotic arteries of *Cx3cr1^GFP/+^ Cd11c^YFP^ Apoe^−/−^* mice using ILTIS, a system that relies on cardiac triggering, followed by image selection and registration to remove residual artifacts ([@bib99]). Single plane imaging was used to show GFP^+^ monocytes patrolling along the external carotid artery endothelium both with and against blood flow for up to 45 min, the first report of this behavior in atherosclerosis. Within the arterial wall, GFP^+^ and GFP^+^YFP^+^ cells were seen dancing on the spot using 3D imaging. Dendritic projections from two cells were tracked as they extended and appeared to interact with each other. Simultaneously, rounded YFP^+^ cells were tracked in 3D as they migrated through the plaque.

Combining with other techniques {#s11}
===============================

As discussed above, intravital imaging must always be paired with other analysis techniques to properly identify and characterize the imaged cells ([Fig. 3](#fig3){ref-type="fig"}). A common way to determine the phenotype of the labeled cells is to digest the tissue of interest, and then perform flow cytometry. Conventional four-laser flow cytometry allows the distinction of ∼15-17 colors and requires proper negative controls and compensation. Negative controls include testing for nonspecific binding by replacing the antibody with a labeled isotype control or by analyzing cells from a mouse lacking the analyzed receptor. Fluorescence-minus-one (FMO) controls, where all colors except one are used, can test for bleed-through from other channels or autofluorescence ([@bib55]). Mass cytometry, or CyTOF, can theoretically resolve \>100 isotopes, without needing any compensation ([@bib48]). CyTOF is currently limited by the limited availability of lanthanides (∼40) and conjugated antibodies. A disadvantage of this technique is that it is necessarily destructive to the cell, and thus the cells cannot be used for sorting, mRNA isolation, or transcriptomics. Single-cell suspensions can be stained for commonly accepted lineage markers, i.e., CD45 for leukocytes, CD11b for most myeloid cells; CD115 and Ly6C for monocytes; Ly6G and Ly6C for neutrophils; F4/80, CD64, and MerTK for macrophages in most tissues, and CD11c for dendritic cells and inflammatory M1 macrophages. A dump channel (for example, CD19, CD3, and NK1.1) is used to exclude all nonmyeloid cells. Additionally, one can stain for the presence of surface markers for specific cell functions, such as chemokine receptors, scavenger receptors, or MHCII, which predicts the ability to present peptide antigens to CD4 T cells. Antibody labeling of intracellular proteins, like transcription factors, is impossible during intravital microscopy, but can yield useful information via flow cytometry. Common targets include pro- and antiinflammatory cytokines and chemokines, iNOS and Arginase 1 to distinguish M1 vs M2 macrophages, and Ki67 or BrDU to label proliferating cells. For cells that only dimly express GFP or YFP, intracellular anti-GFP antibodies can be used to improve the signal. Cytosolic fluorescent proteins are sometimes lost during fixation and permeabilization for intracellular or nuclear epitopes. This can largely be prevented by prefixing the cells with paraformaldehyde ([@bib50]). Combining many markers in one experiment gives the best information about the range of cells in the population.

![**Determining phenotype and function of myeloid cells by combining intravital imaging with other techniques.** Cells of interest are first labeled, either genetically with reporter mice or chemically, to be imaged in vivo. The labeled cells must also be analyzed with other techniques such as fixed tissue imaging, analytic flow cytometry for lineage and functional markers, functional assays, or gene expression. Finally, all data are combined for analysis and interpretation.­](JEM_20151885_Fig3){#fig3}

Fluorescently labeled cells from single-cell suspensions can be sorted by flow cytometry to conduct global analysis of the imaged cells. This includes analysis of gene expression by RNA-Seq ([@bib12]) or microarray ([@bib73]), transcription factor--binding sites and histone modifications by ChIP-Seq ([@bib49]), accessible chromatin regions by ATAC-Seq ([@bib79]), and protein expression by LC-MS/MS proteomics ([@bib82]). Fluorescently labeled cells can be sorted into a cytospin to test the lower threshold of brightness that can be visualized by the microscope ([@bib69]). This is an estimate only, because the actual brightness that is detectable also depends on the attenuation by the scan depth (z position) and tissue composition. Cells that have been plated on cover glass-bottom dishes or cytospun can be analyzed for shape to help determine their phenotype, though this can also be performed on an imaging flow cytometer ([@bib96]). Sorted cells can also be used for in vitro functional assays like antigen presentation ([@bib19]), cytokine production by cytometric bead array ([@bib112]), phagocytosis ([@bib161]), efferocytosis of apoptotic cells ([@bib41]), and killing of pathogens ([@bib30]).

Tissue digestion for flow cytometry or sorting removes information about the location of the labeled cells, their neighbors, and their microenvironment and can remove certain protease-sensitive cell surface antigens ([@bib5]). In many cases, enzymatic digestion does not retrieve all cell subsets equally ([@bib47]). Immunofluorescence can be performed on tissue with cells with genetic or some chemical labels, but some others are sensitive to fixation. Perfusion fixation performed in situ immediately after the mouse is sacrificed best preserves tissue structure, though fixation can be performed after the organ is removed, if necessary. When working with genetically labeled cells with cytosolic fluorescent protein it is imperative to fix the tissue before any sectioning; otherwise, the signal will be lost. Fixed tissue sections can be stained for the lineage and functional markers mentioned above for flow cytometry, though typically only ∼4-5 colors can be imaged simultaneously. Recent work in histocytometry has enabled precise quantification of up to eight labels with confocal microscopy ([@bib47]). Immunofluorescence enables analysis of the location of the target cells within the tissue, their shape, and what other cell types they are interacting with.

Whole-mount immunofluorescence, where antibodies are applied directly to small pieces of fixed tissue without sectioning, is becoming more common ([@bib163]). This technique nicely complements intravital microscopy, because it allows higher resolution imaging with no motion artifacts, whereas intravital imaging reveals cell dynamics. Whole-mount imaging preserves tissue structure, which can be damaged by sectioning. With novel optical clearing protocols that remove lipids and other causes of light scattering from the sample up to 5 mm of depth penetration is possible, to enable a more comprehensive look at the tissue as a whole ([@bib148]; [@bib144]). Whole-mount imaging is used in an informative technique called intravital dynamics-immunosignal correlative microscopy ([@bib18]). In this technique, after intravital imaging, the specimen is fixed and whole-mount immunofluorescence staining for relevant proteins is performed. Then, the specimen is mounted on a slide, and the area that had been imaged can be found. The specific cells that were observed can be deeply analyzed, along with their surroundings, and that data can be correlated to their intravital motion. This allows for deeper investigation of the causes and mechanisms of cell motion.

Conclusion {#s12}
==========

Intravital microscopy has come a long way from humble beginnings using white light transillumination of transparent tissues ([@bib158]). Today, intravital imaging with multicolor multiphoton microscopy is giving us insights into the dynamics of healthy and diseased tissues that have never before been possible. Atherosclerosis is just one of the rich biological areas that are progressing rapidly through the use of these techniques. Although intravital imaging of myeloid cells has become more reliable in recent years, many systems are still hampered by artifacts caused by tissue motion and imprecise cell labeling. However, by combining triggered acquisition, automated frame selection, and image registration, motion artifacts can be minimized. Furthermore, the addition of transcriptomics, flow cytometry, and immunofluorescence allows for more precision when interpreting intravital imaging for biological meaning. By combining these techniques, we can truly begin to understand cellular dynamics in living tissue.
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